Two pilot plant units, a membrane bioreactor (MBR) and a sequencing bioreactor (SBR), were operated in parallel during 2 years on municipal wastewater after primary sedimentation. Biosolids were characterized by measurements of total and volatile suspended solids, settling velocity, cake filtration, water distribution, and polymer demand. Higher volatile suspended solids=total suspended solids (VSS=TSS) ratios characterized the MBR biosolids obtained in solid residence time conditions of 25 days. Settling tests indicated a poor settling and significantly higher sludge volume index to MBR biosolids. Cake filtration and specific resistance reflected low dewatering characteristics of MBR biosolids. Over 90% of the water in the MBR biosolids mixture was entrapped in the biofloc structure and could be released by much higher amounts of chemical conditioner than SBR biosolids. Higher concentrations of carbohydrates and protein have been detected in the mixed liquor of MBR, and this could explain the different biosolids characteristics compared to SBR. Characteristics of MBR biosolids, as determined in this comparative study, should raise important engineering issues in the design and the operation of biosolids treatment of wastewater treatment plants.
Introduction
T he conventional activated sludge (AS) process is restricted to a relatively small biomass concentration, due to the common operational limitation of biomass washout from gravitational separators. As a result, large amounts of excess sludge are wasted. The reduction of excess sludge volume could be achieved by concentrating the biomass in the reactor, or by thickening of the biosolids. Increased biomass concentration in the reactor would lower the volume requirements of the aeration tank and increase the solids retention time (SRT) (Stephenson et al., 2000; Bhatta et al., 2004) . Brindle and Stephenson (1996) pointed out that long SRT might cause two main problems in the application of biosolids membrane separation: (1) decrease of the biomass activity; and (2) accumulation of nonactive substances in the biological reactor might cause microbial inhibition or toxification, and limit the disposable options. Furthermore, the accumulation of hindering substances might cause long time effects on the stabilization of the biosolids.
The ongoing demand by the authorities for a reliable improved effluent quality generated several developments of wastewater treatment processes, with the most applied process of membrane bioreactor (MBR) (Davies et al., 1998) . MBR biomass separation is a combination of a suspended growth reactor and membrane filtration into a single-unit process. The physical barrier of membrane in the biological reactor enables to concentrate the biomass up to 10 times more than typical AS biomass concentrations. Biosolids residence time and hydraulic detention time are completely independent. MBRs can be operated at short or long SRT, without any biosolids washout (Stephenson et al., 2000; Rosenberger and Kraume, 2002) . The growing numbers of MBR facilities for wastewater treatment, worldwide, brought up the question of the biosolids characterization by means of settleability, filterability, and dewaterability.
According to Vesilind (1994) , biosolids could contain the following types of water: (1) free or bulk water unconnected with the biosolids and can be separated by simple physical means during thickening processes; (2) interstitial water is entrapped within the biofloc structure and could be released and transferred into free water by introduction of chemical factors or by external pressure; (3) vicinal water consists of several molecular layers of water covering and strongly bound to the cellular structure; (4) cellular water-bounded to solids surface-could be within cells and could be released from biosolids only by thermal conditions. The filterability and dewaterability are usually tested by specific resistance to filtration (SRF). Heiner and Bonner (1999) conducted SRF measurements for biosolids from both MBR and AS biosolids operating in parallel, and have reported for MBR SRF values within the range 0.3Â10 12 to 3.0Â10 12 m=kg, three orders of magnitude higher than for AS biosolids. The authors explained this is due to the large number of fraction of smaller sized particles found in the MBR biosolids. Pan et al. (2003) reported good correlations between SRF, capillary suction time (CST), and time to filtration (TTF). The type of biosolids and the dewatering method have an enormous effect on the efficiency of biosolids dewatering. CST test does not exert pressure, the biosolids floc is not affected, and therefore, the CST test can mainly reflect the release of free water. Therefore, the SRF could be considered as a better measurement for simulation of biosolids filterability.
According to Wu et al. (2003) , the strength of the biosolids floc has only little influence on SRF values, and does not guarantee optimal corresponding to dewatering efficiency. Only at medium floc strength, an increase of floc strength will improve the biosolids filtration rate. Flocs of weak strength tend to break during filtration, and the SRF values rise due to fragments from the deteriorated floc. Therefore, at weak floc strength an addition of polymer is necessary in order to increase the floc strength and to avoid floc breakage. Zhao (2003) also reports weak correlation between floc size and polymer dosage evaluated by SRF. No single floc property (such as floc size, density, strength, etc.) was well correlated to biosolids dewaterability. Zhao claims that biosolids dewaterability may be linked to integrated effects of floc properties.
Extracellular polymeric substances (EPS) contain 70 to 80% protein and carbohydrates, and their contents are influenced by the type and the concentration of substrate, cell residence time, temperature, dissolved oxygen, C:N:P ratio, and the type of reactor (Frolund et al., 1996; Wingender et al., 1999; Zhang et al., 1999; Laspidou and Rittmann, 2002; Rosenberger et al., 2006) . EPS concentration in biosolids mixtures influences the particle surface charge, and by that, the biofloc strength and its ability to release water (Sanin and Vesilind, 1994; Houghton et al., 2001; Mikkelsen and Keiding, 2001; Jin et al., 2004) .
The objectives of this project are to study the characteristics of biosolids in a MBR system, compared to a ''conventional'' AS system in terms of settleability, filterability, and dewaterability, and gain a better understanding of the biosolids treatment requirements. These characteristics could exert an important impact on the technological and economical considerations.
Materials and Methods

Experimental system
The characteristics of biosolids created in MBR are compared with biosolids from AS with gravity separation operated as a sequencing batch reactor-(SBR) (Fig. 1) . The two systems were fed by municipal wastewater (Haifa, Israel) after primary sedimentation, and each one was operated at three different solids retention times (SRT): 10, 25, and 65 days. The influent to the experimental system was characterized by suspended solids in the range of 100 to 150 mg=L, biological oxygen demand (BOD) was 250 to 300 mg=L, ammonia nitrogen 30 to 40 mg=L and phosphorous 8 to 10 mg=L.
The MBR pilot system included a submerged hollow-fiber ultrafiltration membrane with pores of 0.04 mm and total filtration area of 0.93 m 2 . The reactor volume was 250 liter. The AS system was based on an SBR, which enabled one to obtain biosolids concentration similar to MBR. The SBR reactor volume was 45 liters, and the settled sludge volume 10-15 liters. The operating sequence included five steps: fill (wastewater inflow); react (air þ mix À on); settle (air þ mix À off ); draw (remove effluent); idle (remove excess sludge).
Process monitoring
The biosolids from both MBR and SBR systems were characterized in terms of: (1) solids concentration-total suspended solids (TSS) and volatile suspended solids (VSS) and their ratio in the mixed liquor; (2) settleability of the biosolids was measured as zone settling rate (ZSR) to examine the settling curve; (3) 
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GALIL AND JACOB in order to examine the settleability of the biosolids according to the sludge concentration. When the sludge was too concentrated and no separation occurred, a diluted SVI (DSVI) was performed. Filterability of biosolids was measured by capillary suction time (CST) and by SRF. Biosolids for these measurements have been taken from the bioreactors under aeration conditions.
Water distribution in the biosolids phase included measurements of: (1) free water after 30 min of standard gravity thickening; (2) entrapped water released by pressure (15 inch Hg); (3) other types of water could include vicinal and cellular water.
Polymer demand for dewatering of the biosolids was performed by jar test with different amounts of polymer. The polymer was of a cationic type 4698SH, manufactured by SNF Inc. (Riceboro, GA). Volume and turbidity of the released water from the biosolids were measured.
Proteins were analyzed by the Lowry procedure and carbohydrates by the Anthrone procedure, both following the method described by Frolund et al. (1996) .
Results and Discussion
The results of all the systems were obtained at steady state. Pseudosteady state was considered as twice the SRT, with stable VSS=TSS ratios and constant repeating results. The systems were operated along five to eight times SRT after achieving steady state for 10 and 25 days, and only two times SRT for 65 days. 
MBR AND SBR BIOSOILDS CHARACTERIZATION
Solids concentration
TSS values were maintained similar in both SBR and MBR systems as part of the controlled operation. No significant differences could be observed between the three SRTs. However, the VSS=TSS ratios were slightly higher for MBR. This could be explained by the fact that the MBR retains most of the cellular colloidal material, while the SBR could release these fractions with the effluent.
The changes of biosolids concentrations in the reactors were due to fluctuations in the influent composition. The amounts of excess biosolids were daily calculated in order to maintain the SRT of the system.
Biosolids settleability
Settleability tests were performed on diluted mixtures of MBR biosolids, since no gravity separation occurred at the initial concentration. The dilution was done with effluent to TSS concentration of 2,200, 4,500, and 7,200 mg=L, identical to the TSS concentrations, which were measured at the react step (full reactor) of the SBR system. The tests were performed on a 1-liter graded cylinder equipped with a very slow mixing device (1/2 r.p.m.) for water release.
Results presented in Fig. 2 indicate that the SBR biosolids could settle already after 5 min, compacting to 100, 200, and 500 mL after 30 min, for SRTs of 10, 25, and 65 days, accordingly. MBR biosolids, although diluted at identical concentrations, showed very limited settling after 30 min and could compact only to 800 mL after 60 min. SVI results (Table 1) reveal that AS operated as SBRs always achieved lower values, compared to MBR. The ratios between SVI values of MBR to SBR have been reduced at higher SRTs. These experimental results clearly indicate poor settling characteristics of the MBR biosolids.
Biosolids filterability
The filtration tests were performed without dilution of the mixed liquid, since MBR biosolids concentrations were similar to those of SBR. The first filterability characterization was performed by CST measurements. Both systems increased their CST when SRT was changed from 10 to 25 and to 65 days, however, CST for MBR biosolids was always higher than for SBR (Table 2) .
SRF tests were performed on the same biosolids samples for additional characterization of filterability. The results (Table 2) indicate that the average SRF for MBR biosolids was higher by 1.4 times at 10 days SRT, by 3.1 times at 25 days, and by 2.2 at 65 days. These results clearly indicate lower filterability of MBR biosolids, compared to SBR biosolids.
Water distribution in biosolids
Different types of water could be measured in the biosolid mixtures (Fig. 3) , according to procedures used for the water However, what could be considered as free and interstitial water, always totalized over 90%, and the most important differences have been observed in the distribution of those two types of water. Free water in SBR biosolids was 73% of the total volume at SRT of 10 days, 47% at 25 days, and 18% at 65 days. MBR biosolids contained less than 5% of free water in all the experiments. Interstitial water in SBR biosolids was 24% at 10 days, 45% at 25 days, and 70% at 65 days, while MBR biosolids contained over 90% of the total volume for 10 and 25 days and 70% for 65 days. These results indicate that MBR biosolids created a sort of water entrapment inside the biofloc structures. This entrapped (interstitial) water could be released only by the use of energy with vacuum filtration.
Comparative polymer demand for biosolids dewatering
A cationic polymer was used as a chemical conditioner, in order to improve water separation from biosolids. The purpose of these experiments was to compare between SBR and MBR biosolids properties, rather than indicating solutions for dewatering. A jar test system was used for mixing the conditioner, followed by gravity separation. The experiments included samples without polymer addition (blank) and with addition of optimal doses. Blank samples showed that SBR could release 67% and 25% at SRT of 10 and 25 days, respectively, while all MBR biosolids samples did not release measurable amounts of water. SBR chemically conditioned biosolids increased water release to 93% and to 84% (Fig. 4) . MBR conditioned biosolids released 89% and 73% at SRT of 10 and 25 days, respectively. In the SBR system the release of free water occurred without the presence of the polymer, 67% and 25% of the sludge in SRT 10 days and 25 days, respectively.
When analyzing the percentage of water released from the sludges, it should be taken into account that the additional water released due to the presence of the polymer was only 25% in the SBR system at SRT 10 days, and 59% in the SBR system at SRT 25 days.
Experiments were performed to determine the polymer dose required for achieving similar water release of about 80% from different sources of biosolids. The results (Table 3) revealed that MBR biosolids required substantially higher amounts of conditioner, over 2.0 times for SRT of 10 days and 2.4 times for 25 days, when using the same type of polymer. This could consolidate the existing knowledge that MBR biosolids have some different properties compared to MBR biosolids. Because the proteins do not differ much between MBR and SBR, the higher amounts of conditioner could be due the carbohydrates, as explained in the following subchapter. Another explanation for the large difference in the polymer demand could be connected to the particle size. Sperandio et al. (2005) reported that MBR developed macroflocs population (240 mm) bigger than the flocs of activated sludge, due to the absence of recirculating pumps, and also more micro-flocs (1 to 15 mm) and free suspended cells retained by the membrane. Ng and Hermanowicz (2005) mentioned that MBR biomass was composed of small, weak, and uniform-sized flocs with large mass of short filamentous organisms and dispersed micro-organisms.
The turbidity in SBR supernatant was 1.2 AE 0.7 and 0.8 AE 0.6 NTU for SRT of 10 to 25 days. In MBR supernatant, turbidity was 2.2 AE 1.6 and 1.9 AE 1.2 NTU for SRT 10 and 25 days. 
Carbohydrates and proteins
Concentrations of carbohydrates and proteins were found higher in biosolids mixtures of MBR, compared to SBR (Table 4) . Carbohydrates were higher by 31 to 80% and proteins by only 9 to 18%. Liang et al. (2007) studied soluble microbial products (SMP) in MBR operated at SRTs of 10, 20, and 40 days, and reported that carbohydrates and proteins appeared to be the SMP components prone to accumulate in MBR. Le-Clech et al. (2006) compiled and analyzed in a review more than 300 publications and mentioned that the carbohydrate fraction from the soluble SMP has been often cited as the main factor affecting MBR fouling. Tiranuntakul et al. (2005) reported that carbohydrates were predominant in SMP with carbohydrates to proteins ratios of 5. The experimental results in this study (Fig. 5) indicated that carbohydrates and protein concentrations increased in both bioreactors, MBR and SBR, as SRT was increased from 10 to 25 and to 65 days. A similar conclusion is reported by Ng and Hermanowicz (2005) . Because SVI is based on gravity zone settling, it could be assumed that MBR biosolids increased concentrations of carbohydrates and proteins and enabled better separation of the free water. In the case of SBR no significant changes of SVI could be observed. 
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The SRF of the MBR biosolids (Fig. 5) presented a different picture, because this parameter increased by 40% and more, indicating poorer filtration characteristics, as the concentration of carbohydrates and proteins was increased. SBR biosolids indicated only limited influence on SRF. Increased SRF for MBR biosolids, could indicate that at SRT's of 25 and 65 days, the release of interstitial water is more difficult for MBR biosolids, in the presence of increased SMP, containing mainly increased contents of carbohydrates. Rosenberger and Kraume (2003) reported that filterability of MBR biosolids was mainly affected by extracellular polymer substances found in a liquid phase.
Characteristics of raw and digested mixed liquor derived from MBR and a full-scale AS facility were compared by Holbrook et al. (2005) . They pointed out that the accumulation of nondegradable organics in the MBR appears to play an important role in increasing the observed biological yield coefficient, reducing average floc size, decreasing TSS=TS and VSS=VS ratios.
Conclusions
MBR biosolids exerted slower zone settling, higher SVI, lower filterability, and different water distribution, when compared to biosolids from AS, operated as an SBR. The requirement of substantially higher amounts of chemical conditioner by MBR biosolids could demonstrate the higher adhesion between water and solid surfaces in comparison with SBR biosolids.
Higher fractions of interstitial water followed by higher ''difficulties'' to release this water, could be the result of accumulating organic materials which could have been retained by the ultrafiltration membranes and affect MBR biosolids surfaces, making them more hydrophilic.
The characteristics of MBR biosolids, as determined in this comparative study, should raise important engineering issues in design and operation of biosolids treatment of wastewater treatment plants.
